Abstract 8-Hydroxypyrene-1,3,6-trisulfonic acid (pyranine) can be used as a vital intracellular pH (pH i ) indicator. In the yeast Yarrowia lipolytica, a partial efflux of the probe was detected by using the pH-independent wavelength of 415 nm. A simplified correction of the fluorescent signals was applied, enabling to show for this species a good near-neutral pH i maintenance capacity in a pH 3.9 medium. Octanoic acid, which is known to have toxic effects on yeast, decreased the pH i and increased the 260-nm-absorbing compounds leakage. However, this acid inhibited the fluorescent probe efflux linearly with its concentration suggesting a pH i -dependent efflux of pyranine from cells. ß 2001 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
The determination of the intracellular pH (pH i ) in micro-organisms is useful to understand many vital processes like transport mechanisms [1] or cell adaptation in complex media, and more generally, cell energetics. It can also be useful to determine the mechanisms of the action of toxic compounds, since many of them commonly bring about a modi¢cation of pH i , together with an alteration of cell membranes [2] .
The use of £uorescent probes for pH i measurements has been extensively developed during the last decade because of the simplicity of these methods, compared with some other techniques, i.e., the equilibrium distribution of radiolabeled weak acids or 31 P nuclear magnetic resonance spectroscopy. The cell permeant probe £uorescein and some of its derivatives are among the most used compounds [3] , but many authors have reported their trapping inside yeast vacuoles [4] . The probe leakage can also be a limitation to the £uorescence use in pH i determination as reported in yeast, for example with the dyes C.SNARF-1 and £uorescein [5] . The probe e¥ux has also been favorably used to assess yeast membrane integrity [2, 6] and cell viability [7] .
Yarrowia lipolytica is a non-conventional dimorphic yeast that is able to use fatty acids, alkanes or para¤ns as carbon sources and also to excrete large amounts of organic acids [8] or some £avor compounds [9] , both potentially toxic for the yeast, a¡ecting thus bioprocesses [10] .
The use of the impermeant probe pyranine arises as an interesting alternative method for pH i measurements since it is introduced in living cells by forming transient pores in plasma membrane, allowing a cytoplasmic preferential location and then a limited e¥ux [11] . This £uorescent compound was used here to determine the pH i of Y. lipolytica and its decrease induced by octanoic acid. Moreover, measurements at a pH-independent wavelength permitted to monitor the probe e¥ux.
Materials and methods

Strain and culture conditions
Y. lipolytica W29 (ATCC20460; CLIB89) was grown in a glucose medium in the conditions previously described [9] .
pH i determination
The method was adapted from that described by Pen ¬a et www.fems-microbiology.org al. [11] . Yeast cells from 100 ml of culture broth were harvested by centrifugation (6000Ug, 5 min), washed twice with physiologic water, then with milliQ 0 water and resuspended in 3 ml of milliQ 0 water. 700 Wl of this suspension were mixed with 10 Wl of a 100 mM pyranine (Molecular probes, Eugene, OR, USA) solution in water, in a cell with a 4-mm gap. Electroporation was as follows : a 1400-V pulse was applied, with a capacitance of 25 WF, a resistance of 200 6 and a duration of around 3.5 ms. Samples were then divided into 150-Wl aliquots and washed three times (10 000Ug, 10 s and 4³C) with distilled water. Each cell sample was then used for one pH i measurement in a 4-ml cuvette. Fluorescence intensities were monitored in a spectro£uorometer (Hitachi Instrument co., F4500, Japan) equipped with a stirred and thermostated (27³C) cuvette holder which was connected to an acquisition and processing system. Emission wavelength was 520 nm (slit width of 5 nm) and excitation was detected at 460 and 405 nm (slit width of 10 nm). After a few minutes, when the £uorescence signal was stable, values at 460 and 405 nm were noted and the content of the cuvette was rapidly taken with a syringe and ¢ltered through a 0.2-Wm pore ¢lter. The £uorescence values at 460 and 405 nm of the supernatant were used for correction of the signal value and the ratio (r) was calculated as follows : r = (460 total 3460 filtrate )/(405 total 3405 filtrate ). Log (r) against pH was then used for pH i calculations.
The integrity of physiological functions of electroporated cells was tested by comparing the protons e¥ux with that of reference cells, when transferred to a glucose (100 mM) solution.
For pH i measurement in presence of octanoic acid (Aldrich, Germany), a volume from a 70-mM stock solution in ethanol was added in the cuvette.
Octanoic acid e¡ects on cell membrane permeability and on probe leakage
The method was adapted from Sä-Correia et al. [12] . Cells grown for 19 h were recovered by centrifugation (5000Ug, 5 min, 4³C) and washed with distilled water until the absorbance at 260 nm of the supernatant was inferior to 0.1. The cells were then resuspended in 20 ml of MilliQ 0 water, containing 0.8% ethanol for the reference or octanoic acid, and incubated on a shaking table (27³C, 140 rpm). At convenient intervals, 1.4-ml samples were removed and centrifuged (12 000Ug, 5 min, 4³C). The supernatant was removed and transferred to a 1-ml cuvette, the absorbance at 260 nm was determined.
Pyranine e¥ux was determined by using the pH-independent excitation wavelength of 415 nm. After 5 min, the £uorescence of the medium with the cells then in the ¢l-trate was measured and a percentage of leaked probe was calculated.
Results and discussion
pH i determination
Pyranine excitation spectra in di¡erent pH media are presented in Fig. 1A : the signal values for 460-and 405-nm excitation wavelengths were pH-dependent and the isobestic point (pH-independent wavelength) was at 415 nm. In presence of heat-deactivated cells, Log (460/405) was linear between pH 5.4 and 7.8 (Fig. 1B) , which corresponds to a physiological pH range. The insertion of the £uorescent probe in the cytoplasm of the cells was veri¢ed by £uorescence microscopy (not shown). The treatment did not a¡ect neither yeast viability (a methylene blue staining showed the same viability as reference cells (not shown)) nor physiology as is ascertained in Fig. 2 : the electroporated cells acidi¢ed a glucose-containing medium in the same extent as reference cells. Once in the measurement cuvette, the £uorescence signal stabilized after a few minutes and it was maintained for several minutes, the cell suspension was rapidly ¢l-trated, enabling the determination of £uorescent signals in the ¢ltrate and then calculation of pH i . If the cells were left longer, a decrease in £uorescence intensity at 460 nm could be observed (Fig. 1C) , corresponding to a probe e¥ux as could be veri¢ed by detecting pyranine concentration in the supernatant at the pH-independent wavelength of 415 nm.
The pH i of Y. lipolytica in a pH 3.9 medium was 7.1 ( Fig. 3A) , demonstrating a good ability of the yeast to maintain a high transmembrane pH gradient (3.2 pH units), even if no carbon source was added. This is, to our knowledge, the ¢rst determination of pH i for Y. lipolytica and the observed value was in agreement with reports of some authors using a non-£uorescent method in Saccharomyces cerevisiae [13] and was slightly higher than values reported by Kotyk and Georghiou [3] in three yeast species using the £uorescent probe £uorescein diacetate, or by Pen ¬ a et al. [11] using pyranine in S. cerevisiae.
pH i decrease induced by octanoic acid
The presence of octanoic acid in the medium decreased pH i almost linearly with its concentration (Fig. 3A) , reaching a pH i of 5.4 for 80 mg l 31 acid. This decrease was in agreement with that reported in S. cerevisiae by using [2- 14 C]propionic acid distribution [14] . When octanoic acid was added to the cell suspension, a drop in the 460-nm signal was observed and it stabilized after a few seconds (Fig. 4) . The acid concentrations we used did not modify the extracellular pH and the rapid decrease was thus not due to an e¡ect on the probe present in the supernatant: the pH i variation induced by octanoic acid appears to be a rapid process. Octanoic acid is known to act as many lipophilic weak acids by entering yeast cells as undissociated molecules that are soluble in membrane lipids. Once inside the cell, the acid dissociates, releasing anions and protons, resulting in an acidi¢cation of the cytosol. Thus, this action is increased for low extracellular pH [13] .
Octanoic acid e¡ects on cell membrane permeability
When cells were maintained several hours in water, an increase in absorbance at 260 nm was observed in the supernatant. This absorbance is due to a leakage from an intracellular free pool of amino acids and 260-nm-absorbing compounds, that were shown to di¡use from cells by a passive mechanism [15] . The presence in the medium of agents enhancing membrane permeability, stimulates the leakage of these compounds [12] . Octanoic acid at concentrations of 40 mg l 31 and 80 mg l 31 increased the absorbance at 260 nm (Fig. 5) , demonstrating an e¡ect of this compound on cell membrane integrity.
Pyranine release by cells with acidi¢ed cytoplasm
After 5 min in the reference medium with or without ethanol 0.8%, around 13% of the probe was released (Table 1). If the medium contained glucose (50 mM), the percentage was slightly higher (15.7%). In the presence of octanoic acid, the percentage of released pyranine decreased linearly with the acid concentration in the medium, reaching 3% for 80 mg l 31 acid (Fig. 3B) . The percentage of released probe was linearly correlated with the above-determined pH i (Fig. 3A,B) : the e¥ux of pyranine diminished for lowered pH i . This observation is not consistent with a passive e¥ux of pyranine from the cells: one of the pKa values for pyranine-ionizable groups, in the conditions we used, was around 7.2, for increasing octanoic acid concentrations, the pH i became lower, increasing the concentration of the undissociated form of pyranine inside the cell. An e¥ux occurring by a passive mechanism should be increased with a higher concentration of the undissociated acid, since the ion cannot pass through the phospholipid membrane.
The presence of glucose in the medium weakly increased the leakage, signi¢cantly compared to what was observed in the medium without carbon source but not to the medium containing ethanol (0.8%), which can be metabolized by Y. lipolytica [8] . Yeast cells in a medium without carbon source can still maintain a transmembrane pH gradient (Fig. 3A) , however the functioning of cellular energy-dependent mechanisms might be improved with the availability of a carbon source such as glucose or in a lesser extent ethanol.
These elements could thus indicate that pyranine extrusion from cells occurs via an energy-dependent carriermediated mechanism. Indeed, octanoic acid increased passive e¥ux of neutral compounds (Fig. 5 ), but did not raise the e¥ux of pyranine, which was correlated with the pH i . One hypothesis for this could be that the activity of the membrane carrier could be altered by a cytoplasmic pH withdrawing from the optimal pH value: many metabolic processes in yeast are submitted to a ¢ne regulation of the pH i [16, 17] . Holyoak et al. [18] reported in S. cerevisiae, the extrusion of the anionic £uorescent probe £uorescein via an ATP-binding cassette (ABC) transporter, also known to catalyze mono-anionic compounds extrusion. The £uorescein e¥ux was competitively inhibited by sorbic or benzoic acids and the ABC transporter appeared also to be speci¢c for monocarboxylic acids with chain lengths from C1 to C7. Sorbic and benzoic acid are known to acidify the pH i in yeast [17, 19] , but in the study of Holyoak et al. [18] , the cells grown in the presence of these acids, adapted their pH i which was then not directly linked to the £uorescein e¥ux. The occurrence in Y. lipolytica of a pyranine excretion via an ABC transporterlike carrier, competitively inhibited by octanoic acid, can be hypothesized too, since these transporters are present in all types of cells [20] . However, pyranine and octanoic acid are very di¡erent molecules with a di¡erent number of charged groups, turning di¤cult the consideration of a competition between both compounds towards a speci¢c carrier, that is moreover, inducible.
The type of carrier implicated here could be, most likely, a transport system for the extrusion of more or less toxic anionic compounds from yeast cells, as hypothesized by Breeuwer et al. [7] for the e¥ux of £uorescein in S. cerevisiae.
The use of pyranine introduced in yeast cells by electroporation appears to be a convenient method for pH i de- termination. Our simple adaptation enabled a rapid signal correction, that was essential since part of the probe leaked from the cell interior. Moreover, the use of the pH-independent wavelength 415 nm can be useful to monitor the probe e¥ux. The method applied to the yeast Y. lipolytica, gave results in agreement with previously reported pH i values in other yeast species. The cell-acidifying agent octanoic acid, proved to increase membrane permeability to neutral freely di¡using compounds, but inhibited pyranine release: the e¥ux of this compound was rather correlated with the pH i of cells. These results constitute the ¢rst data dealing with the mechanisms of pyranine e¥ux : this pH-dependent phenomenon, could constitute a model system for the carrier-mediated e¥ux of compounds in living cells and could also help to better understand the excretion of secondary metabolites by yeast.
